INTRODUCTION
, Rapid erosion of surface soil, internal washout and piping in embankments and dams containing dispersive and collapsible soils pose significant construction, stability and maintenance problems. Therefore, it is very important to improve the erosion resistance of soils in appropriate and cost effective manner. Chemical stabilization is an effective ground improvement technique for controlling erosion. However, all traditional chemical stabilizers (e.g. lime, cement, gypsum and flyash) are not readily acceptable due to stringent occupational health and safety issues and also pose threat to the environment by changing the soil pH which often limits the scope of vegetation plus causing ground water pollution. Moreover, the traditionally treated soils (highly cemented) have shown brittle behavior especially under cyclic loads, affecting the stability of rail embankments and aircraft runways. To overcome these difficulties, researchers are now looking for a new soil stabilizer, which is environmentally sustainable and also can overcome most of the adverse effects of traditional chemical stabilizers, apart from maintaining sufficient ductile properties of the 'soil, thereby preventing cracking. In the above context, lignosulfonate has ,shown a promising prospect as a stabilizing agent, especially for soft soils. It belongs to a family of lignin based organic polymers derived as a waste by-product from wood and paper processing industry. It is an environmental friendly, non-corrosive and, non-toxic chemical that does not alter the soil pH upon treatment. In the recent past, investigations were, carried out on cohesive soils with lignosulfonate as strength improving stabilizer (Puppala and Hanchanloet, 1999; Tingle and Santori, 2003) . It is reported that lignosulfonate with sulphuric acid as additive showed a profound improvement in shear strength and resilient modulus of soil. Tingle and Santori (2003) investigated the effect of lignosulfonate on different clayey soils and found that lignosulfonate stabilizer significantly improved the strength of low plasticity clayey soils. In addition, a number of researchers have performed experiments to investigate whether this particular type of chemical in low volume road construction wo~ld improve the strength of sub-grade and control dust emission (Chemstab, 2003; Tingle and Santori, 2003) . Recently, Indraratna et al. (2008) conducted a research on internal erosion behavior of lignosulfonate (LS) treated dispersive clayey soil using Process Simulation Apparatus for Internal Crack Erosion (PSAICE). This study is the extension of study done by Indraratna et al. (2008) , where hydraulic shear behavior ofLS treated dispersive clay has been investigated. However, the stabilization mechanism of LS treated soil still remains unclear. Present study explains the mechanism of lignosulfonate treated soil based on micro-chemical analysis.
THEORETICAL BACKGROUND
Internal erosion behavi~r of lignosulfonate treated and unt;eated soils were studied using Process Simulation Apparatus for Internal Crack Erosion (PSAICE). Predicted erosion rate and hydraulic shear stress were used to calculate the erosion parameters, namely, the critical shear stress and the coefficient of soil erosion. The critical shear stress, .0 is defined as the minimum hydraulic shear stress necessary to initiate erosion.
The critical shear stress is estimated by extrapolating the straight line to the zero erosion rate. The slope of the linear line was presumed to be the coefficient of soil erosion. It is found that the turbidity increases initially, and then decreases as erosion progresses (Indraratna et al. 2008a ). However, the flow rate was observed to be increasing with time. The erosion rate, 8 (kg/s/m2), can then be calculated using Eq. (1) as described by Indraratna et al. (2008a) .
(1) was obtained for treated and untreated dispersive clay The hydraulic shear. stress, r (Pa), on the soil crack surface can be calculated from by Indraratna et al. (2008a) :
where, Pw (kg/m 3 ) is the density of the eroding fluid; g (m/s 2 ) is the gravitational acceleration; i is the hydraulic gradient across the soil crack and <Pt (m) is the diameter of the soil crack at time t.
LABORATORY INVESTIGATION

Internal Crack Erosion Tests
A series of internal crack erosion tests were conducted on dispersive clayey soil col-,lected from Wakool, New South Wales (NSW), Australia. According to-the standard pinhole test (ASTM D.4647), the dispersive clay are classified D2. The maximum dry density and optimum moisture content of the dispersive clay were found as 15 kN/m 3 and 22 %, respectively. Furthermore, the liquid limit and plastic limit of the dispersive clay were found to be 47.6 % and 29.4 %, respectively. Internal crack erosion studies were conducted using the PSAICE, which has been developed and built at University of WoIIongong. Various amounts of additive including lignosulfonate and cement [(0.2 %-0.6%), .. by dry weight of soil] were selected to stabilize the dispersive clay. The soil was mixed with the selected amounts of lignosulfonate additive and statically compacted to 95% of the dry density inside a copper mould having the dimensions of 72 mm in diameter and 100 mm in height. The prepared sa~ples were wrapped in moisture proof bag and cured for seven days. After curing, these samples were immersed in the eroding fluid (tap water) until saturation. Subsequently, internal crack erosion tests (PSAICE) . were carried out by forcing the eroding fluid through a 10 mm soil crack formed at the centre of the samples.
RESULTS AND DISCUSSION
It is observed from the Fig. 1 that the erosion rate and hydraulic. shear stress follow a . linear relationship and the slope represents the coefficient of soil erosion. As expected, critical shear stress increases and coefficient of soil erosion decreases with the increase of amount of lignosulfonate (Fig. 1a) . The critical shear stress (minimum hydraulic shear stress required to initiate erosion) is estimated by extrapolating the straight RPS Ground Improvement Technologies and Case Histories "GI033" . . Figure L Erosion rate against hydraulic shear stress for lignosulfonate treated and cement treated dispersive day (Indraratna et-al., 2008b). line to the zero erosion rate. The critkal shear stress increases from about 14 Pa to 10S.Pa and coefficient of soil erosion decreases from 0.01 to 0.009 with the addition o.f lignosulfonate (Fig. la) . The behaviour of lignosulfonate treated dispersive clay has . ' been compared with cement treated soils (Fig. lb) . General purpose Po(tl~md cement was. used for soil stabilisation and 'erosio'n tests were carried out on cement treated soils very similar to lignosulfonate stabilised soils. The cement treated' soil e~hibit a behaviour very similar to lignosulfonate treated soil.
4.1." Micro-chemical anal.ysis of treated and untreated clay using
.' fourier Transform Infrared (FTIR) Spectroscopy , Micro-chemical analysis was carried out using the Fourier Transformln,frared (FTIR) Spectroscopy.. Each soil sample was scahned in terms of the wave number ranging . from 4000 to 400 cm -1. The FTIR results were presented in the form of % transmittance versus the wave number. The transmittance is determined by the ratio of the intensity of transmitted beam to that of the incident beam. Figure 2 presents the results of FTIR analysis carried out on lignosulfonate admixture. It is evident from the Fig. 2(a) that lignosulfonate contains the functional groups such as benzene, CH, C-O-C, C-O, 5=0 and OH. Moreover, the structure of the lignosulfonate is developed from the functional groups observed from FTIR analysis as presented in Fig. 2(b) . . ' In order to understand the behavior of lignosulfonate treated soil, FTIR tests were carried out on dispersive clay samples with and without chemical treatment (Fig. 3) . The typical functional groups of the untreated soil are presented in Fig. 3(a) . It is . clear from Fig. 3(a) groups of both dispersive clay and lignosulfonate as expected. Moreover, there is a marked difference in the spectra (Figs. 3a and 3b ) observed in the wave number ranging from 2000-1200 cm-1 for the case of lignosulfonate treated dispersive clay. This marked difference in the spectra observed for the treated dispersive soil is due . to the micro-chemical reaction of lignosulfonate with the soil.
Proposed Stabilization Mechanism of Lignosulfonate treated dispersive soil
. A schematic diagram (Fig. 4) explaining the mechanism of lignosulfonate treated soil has been developed based on the FTIR analysis. Figure 4 (a) shows the untreated clay particles with negative charges in the interstitial layer of clay minerals. Once the clay particles are treated with lignosulfonate, the adsorption 6f lignosulfonate on the clay particle surface occurs (Fig. 4b ). This adsorbed lignosulfonate neutralizes the negative . charges of clay particles and bonds with clay mineral layers (Fig. 4c) . Due to the . neutralization of the surface charge, the double layer thickness decreases. Moreover the lignosulfonate polymer chains bridge the soil particles together and forms soil aggregates (Fig. 4d) . The formation of soil aggregates after lignosulfonate treatment has been confirmed using SEM images (Indraratna et al., 2008a) .
5.
CONCLUSIONS
The erosion test results reveal that lignosulfonate increases the hydraulic shear stress , " of dispersive clay with the extent of chemical treatment. It is found that the critical shear stress of dispersive clay increases and the coefficient of soil erosion dec~eases with the lignosulfonate treatment, which is very similar to that of traditional admixtures. The improvement of performance exhibited by the lignosulfonate treated soil is attributed to the reduction of the double layer thickness by the neutralization action of surface charges of the clay particles by lignosulfonate.
